Background: Although international interest in classifying subject health status according to adiposity is increasing, no accepted published ranges of percentage body fat currently exist. Empirically identified limits, population percentiles, and z scores have all been suggested as means of setting percentage body fat guidelines, although each has major limitations. Objective: The aim of this study was to examine a potential new approach for developing percentage body fat ranges. The approach taken was to link healthy body mass index (BMI; in kg/m 2 ) guidelines established by the National Institutes of Health and the World Health Organization with predicted percentage body fat. Design: Body fat was measured in subjects from 3 ethnic groups (white, African American, and Asian) who were screened and evaluated at 3 universities [Cambridge (United Kingdom), Columbia (United States), and Jikei (Japan)] with use of reference body-composition methods [4-compartment model (4C) at 2 laboratories and dual-energy X-ray absorptiometry (DXA) at all 3 laboratories]. Percentage body fat prediction equations were developed based on BMI and other independent variables. Results: A convenient sample of 1626 adults with BMIs ≤ 35 was evaluated. Independent percentage body fat predictor variables in multiple regression models included 1/BMI, sex, age, and ethnic group (R values from 0.74 to 0.92 and SEEs from 2.8 to 5.4% fat). The prediction formulas were then used to prepare provisional healthy percentage body fat ranges based on published BMI limits for underweight (< 18.5), overweight (≥ 25), and obesity (≥ 30). Conclusion: This proposed approach and initial findings provide the groundwork and stimulus for establishing international healthy body fat ranges.
INTRODUCTION
With worldwide rates of obesity increasing steadily, the National Institutes of Health (NIH) and the World Health Organization (WHO) recently adopted similar body weight guidelines for overweight and obesity (1, 2) . Values of body weight adjusted for height, referred to as body mass index (BMI; in kg/m 2 ), in excess of 25 and 30 are considered to indicate overweight and obesity, respectively. A lower healthy BMI limit of 18.5 was also identified by both organizations (1, 2) . These body weight guidelines are useful for practitioners when screening patients for excessive adiposity and when prescribing treatment for overweight patients.
The main assumption of BMI guidelines is that body mass, adjusted for stature squared, is closely associated with body fatness and consequent morbidity and mortality (3, 4) . However, some individuals who are overweight are not overfat (eg, bodybuilders). Others have BMIs within the normal range and yet have a high percentage of their body weight as fat. Although these misclassified persons are uncommon relative to the population as a whole (1) , the question arises as to how they might be evaluated correctly according to body fatness. Moreover, screening and retention of military recruits (5, 6) , policemen, firemen (7) , and other workers in whom high fitness levels are required are often based on BMI standards and in some cases on a secondtier body fat evaluation (5) .
Unfortunately, there is no consensus on how body fat is linked with morbidity and mortality because of the absence of appropriate prospective studies. Specifically, no accepted published body fat ranges exist; those reported based on empirically set limits, population percentiles, and z scores have serious limitations. Additionally, methods of limited accuracy such as anthropometry are typically used to estimate fatness in population surveys (8) .
The aim of the present study was to examine an approach for developing percentage body fat ranges that correspond to published BMI guidelines. Sex-specific formulas were first developed for estimating relative body fatness from BMI and other potential independent variables such as age and ethnicity. These formulas, based on reference methods for evaluating total body fat, were then used to derive percentage body fat levels corresponding to the BMI thresholds for underweight (< 18.5), overweight (≥ 25), and obesity (≥ 30).
SUBJECTS AND METHODS

Subjects
Subjects were a convenient sample recruited through advertisements in local newspapers, through posted flyers, or through referral for body weight evaluation. After passing the screening evaluation, subjects completed dual-energy X-ray absorptiometry (DXA), labeled water dilution, and underwater weighing studies on the same day.
Adult subjects with BMIs ≤ 35 were evaluated. Subjects were excluded if they had a history of recent acute illness (eg, pneumonia or myocardial infarction), had a chronic condition (eg, cancer, uncontrolled high blood pressure, or collagen vascular disease), or were actively engaged in a vigorous (> 6 h/wk) physical activity training program.
Subjects were screened through a medical history questionnaire, physical examination, and measurement of routine blood chemistry indexes. Healthy subjects were enrolled in the study and completed up to 5 evaluations: weight, height, DXA for body fat and bone mineral mass, tritium or deuterium dilution for total body water, and hydrostatic weighing for body density and volume. The measured bone mineral mass, total body water, and body volume values were then used to calculate total body fat by using a 4-compartment model (4C) (9) . The study was performed in accord with the Helsinki Declaration of 1975 as revised in 1983.
Experimental design
Three groups of subjects (white, African American, and Asian) were evaluated at MRC Nutrition Research (United Kingdom), Columbia University (United States), and Jikei University (Japan). White subjects were evaluated at both the UK and US sites whereas African American subjects were evaluated at the US site only and all Asians were Japanese evaluated at the Japan site. Body fat was measured by DXA at all 3 centers and, additionally, tritium or deuterium dilution volume, bone mineral mass, and body density were measured at the UK and US sites. Two measures of percentage body fat were used at the UK and US sites, DXA and 4C, whereas DXA alone was used at the Japan site.
Body composition
DXA scanners were used to measure body composition [Japan: DPX-L with software version 1.3z (Lunar Radiation Corp, Madison, WI); United Kingdom: QDR 1000 with enhanced software (Hologic Inc, Bedford, MA); and United States: DPX with software version 3.6 (Lunar Radiation Corp)]. These had CVs of Ϸ1.5% for bone mineral (10) and 3-4% for body fat (11) .
Tritium space ( 3 H 2 O, in L) was measured at the US site with a CV of 1.5% (12) . Deuterium space (D 2 O) was evaluated at the UK site by using infrared spectroscopy with a CV of < 1% (13) . The tritium and deuterium spaces were then converted into total body water (in kg) with a correction factor for nonaqueous hydrogen exchange and water density at 36 ЊC (total body water = 3 H 2 O or D 2 O ϫ 0.96 ϫ 0.994) (14) .
Body density and volume were measured by underwater weighing in water tanks according to standard methods with a technical error of 0.0020 g/cm 3 (15) . Residual lung volume was estimated after immersion of subjects in a sitting position by means of the closed-circuit oxygen dilution method in the United States (16) and at the time of immersion by helium dilution in the United Kingdom (9, 17) .
Statistical analysis
Body fat estimates made with the 4C method were available from the UK and US sites. The 4C method is generally accepted as a reference method for measuring body fat (17, 18) . Body fat estimates by DXA, a second reference method (17, 18) , were also available from all 3 sites. The same DXA systems and software were used at the US and Japan sites, facilitating conversion of percentage body fat by DXA in Japanese subjects to a corresponding 4C percentage body fat value. Specifically, the DXA-4C conversion was carried out by using simple regression analysis with 4C percentage body fat as the dependent variable and DXA percentage body fat as the independent variable with use of data collected at the US site. The DXA-4C conversion was intended solely to make Japanese DXA percentage body fat estimates consistent in magnitude with 4C percentage body fat estimates from the UK and US sites. We were therefore able to create, for exploratory purposes, 2 complete sets of operational percentage body fat formulas based on BMI and other potential independent variables: one with DXA percentage body fat as the dependent variable and the other with 4C percentage body fat as the dependent variable.
Models for predicting percentage body fat were developed by using multiple regression analysis with 1/BMI, age, sex, and ethnicity evaluated as potential independent variables. The 1/BMI term was used to linearize the data and to avoid the need for logarithmic conversion or inclusion of power terms (19, 20) . Potential interaction terms were explored in model development and a forward-backward stepwise selection procedure was applied for the derivation of prediction equation models. Group data are presented as means ± SDs. All analyses were carried out with the statistical software program SPSS (version 8.0, 1998; SPSS Inc, Chicago).
RESULTS
Subjects
The subject sample size by site, sex, and ethnicity is summarized in Table 1 . The total subject pool consisted of 1626 subjects, 1013 women and 613 men. The subject pool included 254 African Americans, 955 Asians, and 417 whites.
Subject demographic characteristics by sex and ethnicity are summarized in Table 2 . Mean age varied from 39.3 y in Asian women to 56.2 y in African American women. African American women had the highest mean weight (71.5 kg) among the women and both male and female Asians had the lowest mean weights within their sex groups. Similarly, Asians were shorter than their white and African American counterparts. BMI was lowest in Asian men and women and highest in African American women (Figure 1 ).
Model considerations
There was a curvilinear relation between percentage body fat and BMI within all groups. An example is presented in the lefthand portion of Although logarithmic transformations and various power terms improved the linearity of and correlation coefficients for the relation between percentage body fat and BMI, we chose for simplicity to use 1/BMI instead as an independent variable in all percentage body fat prediction models developed. Additionally, regression models with 1/BMI provided higher R 2 and SEE values than did those with BMI or transformations of BMI as independent variables.
There were highly significant correlations between DXA percentage body fat and 4C percentage body fat for men and women at both the UK and US sites. The pooled UK and US DXA and 4C percentage body fat data are plotted in Figure 3 . The slope and intercept of this relation differed significantly from 1.0 and 0 (both P < 0.001), respectively. The bias between the 2 methods was rel-atively small. For example, when 4C body fat was 10%, 30%, and 50%, DXA body fat was 8.9%, 30.1%, and 51.3%, respectively.
Dual-energy X-ray absorptiometry models
The relations between DXA percentage body fat and 1/BMI for men and women at each of the 3 sites are presented in Figure 4 . The univariate correlations for DXA percentage body fat versus 1/BMI ranged from R = 0.68 to R = 0.89 (all P < 0.001).
The next phase of analysis involved the addition of other potential independent variables and interaction terms to the developed multiple regression models. The analysis produced the following equation derived by stepwise regression analysis:
where multiple R = 0.90 and SEE = 4.31% body fat, sex = 1 for male and 0 for female, and Asian = 1 for Asians and 0 for the other races. The model predicted higher percentage body fat in men and in older subjects. The model did not show a significant difference between African Americans and whites for either sex. Asians, however, according to the model, had a significantly higher percentage body fat for any given BMI than did the other 2 ethnic groups. Separate analyses for DXA percentage body fat with use of 1/BMI and age by sex and ethnicity were also carried out, yielding multiple correlations (ie, R values) ranging from 0.74 to 0.88 and SEEs from 3.8% to 5.4% body fat. These models provided results similar to those for Equation 1 and are not reported herein. Solutions for DXA equations at the 3 BMI levels are not presented because these can be calculated directly from Equation 1. The patterns of estimated percentage body fat ranges are similar to those presented below for the 4C method.
Four-compartment models
We calculated a 4C percentage body fat value for each Asian subject by using the following equation to convert DXA to 4C percentage body fat, which was derived by simple regression of 4C percentage body fat on DXA percentage body fat from measurements taken at the US site: where multiple R = 0.89 and SEE = 3.97% fat, sex = 1 for male and 0 for female, Asian = 1 for Asians and 0 for the other races, and African American = 1 for African Americans and 0 for the other races. The corresponding 4C percentage body fat ranges are presented in Table 3 . According to this model, Asians had higher percentages of body fat at lower BMIs, particularly at younger ages, than did the other 2 ethnic groups. These developed ranges also indicate a small difference between African Americans and whites for males and females, with African American subjects having lower percentages of body fat, particularly at older ages. The difference between African Americans and whites remained significant even when the analysis was repeated for the US data alone.
Although percentage body fat for BMI differed significantly between whites and African Americans (Equation 4) , the magnitude of this effect was rather small (Ϸ1-2% fat). For practical purposes, we therefore developed another set of simplified equations by combining the data from white and African American subjects for 4C percentage body fat, as follows: where multiple R = 0.86 and SEE = 4.98% fat and sex = 1 for male and 0 for female. The resulting estimated 4C percentage body fat ranges by sex and age are presented in Table 4 and the presented values consolidate the 4C studies in African American and white subjects into a single chart.
In contrast, models for Asians predicted a different percentage body fat from that predicted for African Americans and whites. Therefore, we derived the following 4C equations by sex for Asian subjects only:
Asian women: Percentage body fat = 64.8 Ϫ 752 ϫ (1/BMI) + 0.016 ϫ age (6) where n = 322, multiple R = 0.88, and SEE = 2.91% fat.
Asian men: Percentage body fat = 51.9 Ϫ 740 ϫ (1/BMI) + 0.029 ϫ age (7) where n = 633, multiple R = 0.77, and SEE = 3.49% fat. The resulting estimated 4C percentage body fat ranges, converted from those derived by DXA, are presented by sex and age in Table 5 ; these values differ slightly from the Asian values summarized in Table 3 . Separate analyses for 4C percentage body fat with use of 1/BMI and age by sex and ethnicity were also carried out, yielding multiple correlations ranging from 0.74 to 0.88 and SEEs ranging from 2.9% to 5.2% fat. Solutions for equations at the 3 BMI cutoffs are not presented here. However, the patterns of estimated 4C percentage body fat ranges by these separate equations were similar to those in Table 3 .
DISCUSSION
The information needed to directly associate percentage body fat with morbidity and mortality is, unfortunately, presently unavailable even though there is increasing interest in ranges of body fat associated with optimum health. An alternative approach taken in the present study was to link percentage body fat in adults with current healthy weight guidelines (1, 2) . Our analysis extended to 3 populations and used 2 different approaches for measuring body fat. The focus of this study was not to establish definitive body fat ranges, but rather to explore the means and methods by which such guidelines can be created and to stimulate further interest in such models.
Model development
BMI transformation
As shown in this study and others (19, 20) , the function percentage fat versus BMI is curvilinear and the best fit is often accomplished by using power functions or logarithmic conversions, adding complexity to developed formulas. In creating our prediction models for percentage body fat, we applied the inverse of BMI, 1/BMI, as the main predictor variable. This approach improved the linearity of the association between percentage body fat and BMI and simplified model development. Our observations combined with that of earlier investigations (20) suggest a utility in prediction model development for 1/BMI when subject populations include a wide range of body fatness values.
Population specificity
The prediction models developed for percentage body fat had significant age and ethnicity terms as independent variables. This highlights a critical concern regarding population specificity with these and similar empirical prediction models. Our population included adults aged ≤ 97 y. All of our developed models indicate that, after 1/BMI is first controlled for, greater age is associated with a higher percentage body fat. Many cross-sectional and longitudinal studies now indicate that relative fatness in adults increases with age (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) (31) . Although the mechanisms leading to increasing fatness with age are not fully understood, our findings and those of others suggest that sex, ethnic, and individual differences exist in the rate at which percentage body fat changes with senescence (25, 30, 31) . Some of our cross-sectional prediction models for percentage body fat had significant age-by-sex interaction terms (eg, Equation 1), usually in the direction of a greater relative increase in percentage fat with older age in men than in women. An important and as yet unanswered question is whether the greater fatness with older age, even after BMI is first controlled for, poses additional health risks. This important question, highlighted by the present investigation, needs to be examined in future mechanistic and clinical studies.
In addition to an age effect on BMI-predicted percentage body fat, we observed an independent effect of ethnicity or study site. Others made similar observations when studying various ethnic groups at the same or different evaluation sites (32) (33) (34) (35) (36) . For example, Deurenberg et al (35) found that American blacks had a 1.3-unit lower and Polynesians a 4.5-unit higher BMI than whites with the same body fatness (35) . Even within the white cohort, the investigators observed small differences between Americans and Europeans.
The underlying causes of ethnic variation in relations between BMI and percentage body fat are likely due to small between-center body fat measurement differences and biological between-group differences (35) . The evaluation of Asians was confined to Japan and that of African Americans to the United States. Therefore, the underlying causes of observed ethnic differences in terms of measurement, environmental, and genetic factors are difficult to ascertain. Nevertheless, it appears evident that a single set of universal percentage body fat ranges cannot be easily developed without considerable additional analysis of this problem. Our equations and associated tables provide several ethnic-specific ranges as working guidelines. Because African Americans and whites differed only slightly in percentage body fat (by 1-2%) after BMI was first controlled for, we presented a combined equation (Equation 5) and table (Table 4) based on 4C percentage body fat for these 2 groups.
Methodologic differences
An important issue highlighted by the present study is between-method and instrument differences in body fat measurement. Although the various DXA and 4C models we developed provided similar body fat ranges, some notable differences were found (eg, significant African American term in 4C Equation 4 and no comparable term in DXA Equation 1). Moreover, as might be expected between any 2 measurement methods, there was a small but statistically significant bias for DXA versus 4C percentage body fat. Ideally, the identical calibrated measurement system would have been used at all 3 sites for body fat measurement. This optimum situation was not possible in the present study and it is likely that any large-scale international study would face similar methodologic issues.
Study limitations
Our subjects, by necessity, were a convenient sample and may not be representative of the populations from which they were recruited. We excluded subjects with recent weight change, those who had acute or chronic illnesses, and those engaged in physical training programs. Moreover, the aim of this study was not to provide population ranges for body fatness as might be a goal of epidemiologic studies. Ideally, however, future prospective studies should consider optimum sampling strategies when prediction formulas for percentage body fat are developed based on BMI.
A second concern involves subjects at or below the lower BMI limit of 18.5. Males with BMIs < 18.5 who are otherwise healthy are relatively uncommon in industrialized nations. Only 2.6% of our male subjects and 6.0% of our female subjects had a BMI < 18.5 (Figure 1 ). Hence, our lower BMI percentage body fat ranges, by necessity, have large CIs and should be applied cautiously. Moreover, the limited number of subjects with low BMI values suggests that very large subject samples are needed in future studies for model development or that subject evaluations include much leaner populations than those evaluated in the present 3-country study.
Last, our assumption is that percentage body fat is an improved phenotypic characteristic over BMI when functionality and mortality risk are considered. This hypothesis has some support (37) , although additional studies with appropriate methods are needed to fully explore the range of issues surrounding body composition compared with body weight as "ponderal" measures. Moreover, visceral adiposity, separate from body composition or weight, is an independent predictor of morbidity and mortality (1) and development of improved clinical quantification methods remains a high priority.
Conclusion
This study presents a working approach to developing body fat ranges by linking current BMI guidelines with predicted percentage body fat. The developed provisional equations and tables in this report can fill an information gap because no comparable percentage body fat ranges exist for review for evaluation of potentially misclassified subjects referred for body-composition analysis. Our effort highlights important issues for future consideration, such as the appropriateness of increasing fatness with aging even when BMI remains constant, the causes of country or ethnicity differences in BMI-percentage body fat relations, whether misclassified subjects are more or less healthy than their counterparts with similar BMIs, and how to develop appropriate sampling strategies to prospectively develop percentage body fat ranges. These important issues require discussion, debate, and future investigation. 
